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Dairy farming is a notable source of nitrogen (N) emissions, impacting both atmospheric and aquatic ecosystems, thus necessitating a detailed analysis of nutrient dynamics to curtail nutrient wastage. However, N flow variability and its environmental ramifications differ markedly among dairy farms, and a holistic understanding of these differences is lacking in Inner Mongolia, the biggest dairy production province in China. Utilizing data from 187 dairy farms and employing the NUFER-farm model, this study assessed N flows, N use efficiency (NUE), and N losses across four predominant dairy farming systems in Inner Mongolia. These systems include traditional pastoral dairy farms (PF), smallholder dairy farms with croplands (SF), industrial landless farms (IDF), and coupled dairy cattle and cropland-intensive farms (CDF). Our findings indicate considerable differences in N flows, NUE, and losses among the systems. On average, N deposition and N fertilizer were the primary N sources for PF and SF, respectively, whereas IDF and CDF derived over 90% of their N inputs from purchased feeds. PF and SF recycled all available manure N on-farm, whereas IDF and CDF recycled only approximately 36% of the total available manure N. N losses constituted 39–72% of total N outputs, with ammonia emissions accounting for 68–73% of total N losses across all farm types. In particular, PF had a higher N loss per kilogram of dairy product than other systems. Farm-level NUE ranged from 17 to 35%, with manure management practices showing significant variability, underscoring the potential for enhanced strategies to reduce N losses through improved manure treatment.
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Introduction

The livestock production system accounts for 33% of the world’s arable land dedicated to livestock feed production and consumes 32% of the global agricultural water supply (FAO, 2006). In addition, livestock production has significantly altered nitrogen (N) flows, thereby generating enormous environmental pressures. Ammonia (NH3) is the dominant pathway of N emission to the air (Herrero et al., 2016; Gerber et al., 2013; Wei et al., 2018), and the release of N into aquatic ecosystems has also accelerated the water eutrophication (Biagini and Lazzaroni, 2018; Ministry of Ecology and Environment, 2020). For instance, livestock supply chains accounted for 82% of total agricultural ammonia emissions and 73% of nitrogen emissions into water bodies in the European Union (Leip et al., 2015). In response to these challenges, scientists have suggested many pathways to enhance the sustainability of livestock production systems, such as recycling nutrients from livestock waste back into the land, implementing emission mitigation measures for manure management, integrating crop–livestock systems, establishing tax policies, and optimization of feed rations (Spiegal et al., 2020; Hou et al., 2015; Ramankutty et al., 2018; Ardern et al., 2022; Ma et al., 2024).

With the increasing demands for milk consumption, the dairy production system has become more and more intensive and therefore threatens resources and the environment. Global dairy production contributed approximately one-third to NH3 emission from livestock production (Uwizeye et al., 2020), 10% of the global eutrophication potential, and 6% of acidification potential (Rufí-Salís et al., 2020), especially increased the risk of local nitrogen pollution (Finzi et al., 2020; Theobald et al., 2015). Therefore, it is crucial to understand the N flows of dairy production and further mitigate N-related environmental pollution from the dairy production system.

China was the third largest dairy production country in the world (FAO, 2016), accompanied by the industrial and intensive development of the dairy industry. There is still a vast diversity in dairy farming systems in China, including traditional, grassland-based, collectively owned, and industrialized (Bai et al., 2013). Regional-scale analysis showed that intensification (the proportion of dairy farms in collective or industrialized systems) contributed to the increase in nitrogen use efficiency (NUE) and the decrease in N losses and GHG emissions per kilogram of milk production from 1980 to 2010 in China (Zhang et al., 2017). However, the management of the dairy production system, often characterized by inefficiencies, was still recognized as a pressing issue, highlighted by Bai et al. (2016, 2018) and Zhang et al. (2019).

China has enacted new legislation to enhance the management and utilization of livestock nutrients, focusing on industrial-scale farms (Ministry of Agriculture and Rural Affairs of the State Standards Commission and Ministry of Ecology and Environment, 2023). The dairy production system, in particular, is under scrutiny due to its growing demand for milk and its negative environmental impacts (Bai et al., 2018). Consequently, the dairy sector faces substantial sustainability challenges that require innovative solutions to harmonize environmental stewardship with production demands. However, there is limited information on the up-to-date N management in different dairy farm systems. Insight into the differences in N management among dairy farming systems can help to improve the sustainability of China’s dairy industry.

Inner Mongolia, the largest dairy production province in China, accounted for 18% of total milk production or 6.0 million tons of milk in 2021 (Inner Mongolia Bureau of Statistics, 2021). Among all the livestock production systems in Inner Mongolia, the dairy production system has experienced the vastest transition. In recent years, the dairy industry in Inner Mongolia has been developing rapidly, with large-scale dairy farms adopting modern technologies for breeding, feeding, and milking, which have led to an increase in milk production and posed important effects on local nitrogen emissions and N deposition. Meanwhile, pastoral area traditional grassland-based and semi-pastoral area dairy production systems still coexist with modern high-production intensive systems. There are diversified ecosystems, including grassland, forest, river, and desert ecosystems, which are sensitive to environmental changes, especially nitrogen input changes (Li, 2022). With the increase in milk consumption and resource and environmental constraints faced by milk exporting countries, China would possibly become more milk sufficient in the future (Bai et al., 2018). Therefore, evaluating the N flows of typical dairy farming systems is very important for understanding N management, insight into more sustainable dairy production pathways, and ecosystem protection. Although nutrient balances for grassland-based milk production systems have been studied both for intensive farming systems and extensive milk production systems (Ramírez and Reheul, 2009; Treacy et al., 2008; Haas et al., 2007; Doole, 2015; Aarons et al., 2023), the two systems have not yet been compared for Inner Mongolia.

Farm-gate nutrient balances are recognized as a valuable tool for assessing the environmental pollution risks associated with agricultural practices and gauging the sustainability of nutrient use (Oenema et al., 2003). This methodology has been extensively applied to evaluate nutrient management and flows within various farming systems (Gourley et al., 2012; Hou et al., 2012; Buckley et al., 2015). Nevertheless, the primary constraint of the farm-gate approach neglects internal nutrient flows between the sectors within the farm system, treating the farm as a “black box” (Öborn et al., 2005; Koesling et al., 2017; Reimer et al., 2020; Quemada et al., 2020). Whole-farm models could get rid of constraints by considering the nutrient exchange between the components within a farm (Modin-Edman et al., 2007; del Prado et al., 2016). As a representative whole-farm model, the NUFER (Nutrient Flows in food chains, Environment, and Resource use) model can estimate N and P fluxes in the food chain from crop production to human consumption (Ma et al., 2010). Currently, the NUFER at different scales was developed to assess the losses of N and P to water and air (Ma et al., 2012; Wang et al., 2018; Bai et al., 2016; Zhao et al., 2017). For instance, NUFER-farm was developed to evaluate the nutrient flows of crop–livestock production systems at the farm level (Zhao et al., 2017).

Based on the above motivation, this study posits that the dairy production systems in Inner Mongolia, encompassing a diverse range from traditional grassland-based to modern intensive systems, exhibit significant variations in nutrient management practices and environmental impacts. However, these variations need to be clarified. This study aimed to quantify N flows, use efficiencies, and losses across predominant dairy farming systems in Inner Mongolia using a whole-farm model to elucidate variations in nitrogen management and environmental impacts among these systems. Furthermore, we conclude with suggestions for nutrient pollution control in dairy production to provide insights into the sustainability of the dairy industry.



Materials and methods


Study area and data source

The research was conducted in Inner Mongolia, located in northern China (Figure 1). This region, characterized by its vast expanses of grasslands and deserts, spans a diverse range of altitudes, with elevations ranging from approximately 500 m to 2,600 m above mean sea level. There are approximately 216 million ha of natural grassland and 4.95 million ha of managed grassland. It contributes approximately one-fifth of the total milk production in China (Inner Mongolia Bureau of Statistics, 2021). The dairy production system in Inner Mongolia was characterized by a mix of traditional smallholder (herd size<120 LU per farm) and modern intensive farming practices (herd size≥120 LU per farm), all of which were registered in the government regulatory system. According to land management, traditional smallholder dairy farms could be classified into smallholder dairy farms with croplands (SF) and traditional pastoral dairy farms without croplands (PF), while intensive dairy farms were grouped into industrial landless farms (IDF) and coupled dairy cattle and cropland intensive farms (CDF). In order to fully reveal the actual situation of dairy production in Inner Mongolia, we randomly selected 187 typical dairy farms to interview, including 93 PSs, 51 SFs, 34 IDFs, and 9 CDFs. The spatial distribution of these dairy farms is shown in Figure 1. Through face-to-face interviews from 2020 to 2021, detailed information about farm area, herd structure, milk yield of dairy cows, feeds, manure management (housing, storage, and treatment), and related farm nutrient management in the dairy production system was acquired. The categories of data gathered and the sources of the data are outlined in Supplementary Table S1 and Figure 1. Through face-to-face interviews from 2020 to 2021, detailed information about farm area, herd structure, and milk yield of dairy cows, feeds, manure management (housing, storage, and treatment), and related farm nutrient management in dairy production systems was acquired. The categories of data gathered and the sources of the data are outlined in Supplementary Table S1.
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FIGURE 1
 Study area and locations of farmer survey sites: (A) average precipitation of Inner Mongolia in 2021; (B) net primary productivity of Inner Mongolia in 2021; PF, SF, IDF, and CDF indicate traditional pastoral dairy farms, smallholder dairy farms with croplands, industrial landless farms, and coupled dairy cattle and cropland intensive farms, respectively. Data source: Geographic remote sensing ecological network platform.




Characteristics of dairy farms

Based on on-farm cattle herd sizes, the interviewed 187 dairy farms were first categorized into small-scale family dairy farms and large-scale intensive dairy farms. They were further classified according to land management types: traditional pastoral dairy farms (no croplands, PF), smallholder dairy farms with croplands (SF), industrial landless farms (IDF), and coupled dairy cattle and cropland intensive farms (CDF). Detailed descriptions are provided in the Supplementary materials.

The main characteristics of these farm types are presented in Table 1, and the detailed characteristics of dairy cattle manure management are shown in Supplementary Table S3. In brief, PF has a large area of grassland and a small number of dairy cattle, while there were small numbers of dairy herds but large areas of croplands and grassland in SF. Dairy production was relatively large in IDF but without any connection to the on-farm crop and grassland. The dairy herd was also large in CDF and generally coupled with cropland and grassland. IDF and CDF have generally adopted high feed and herd management technologies, compared to PF and SF. More detailed descriptions of the four farm types were provided in the Supplementary materials.



TABLE 1 Main characteristics of dairy farm types.
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NUFER-farm model extension

The NUFER-farm model has been widely adapted for both farm and regional scales to measure N flows within crop–livestock systems and regional food chains in different regions (Ma et al., 2010; Bai et al., 2013; Zhao et al., 2017; Meng et al., 2022). The study updated the NUFER-farm model for an improved understanding of N flows and NUE, N losses during dairy production in the four typical dairy farming systems in Inner Mongolia in 2021. We redefined the system boundary (added farm-own grassland) to establish specific N inputs and outputs for four dairy farming systems at both the herd and the whole-farm levels (Figure 2). In addition, the local parameters about nitrogen contents and emission factors, etc., were also used to update the model.
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FIGURE 2
 Nitrogen flows in smallholder dairy farms with croplands system. The dashed line refers to the boundary of the system; solid arrows refer to the nutrient inputs (on the left-hand side), outputs, and losses (on the right-hand side) of the system. The dotted arrows refer to the internal nitrogen flows. Losses include NH3 emission, N2O emission, denitrification, runoff, leaching, erosion, and manure N discharge to surface water.


Four dairy farming systems studied here included crop (grass) production, dairy cattle production, and manure management (Figure 2). In the present study, smallholder dairy farms with croplands, integrating crop planting, natural grassland, and dairy breeding within their production systems, were utilized as the prototype for this study to assess N flows, NUE, and N losses on farms. Figure 2 shows the farm system boundary and the primary N flows within such a farming system. Within smallholder dairy farms with croplands, the crop production section comprises cultivated fields and natural grassland (Figure 2). The cattle production section encompasses dairy cattle (calves, heifers, and lactating cows). The manure management component encompasses dairy cattle housing and storage and the manure treatment process (as depicted in Supplementary Figure S4).

N entered into the crop (grass) production sector (cultivated field and grassland) through natural processes, such as N fixation and atmospheric deposition, and agricultural practices such as the use of seeds, chemical fertilizers, livestock manure, and irrigation. N entered the dairy cattle production sector by obtaining feeds and live cattle while N exited the farm boundaries by means of the exportation of crop products, crop residues (mainly maize straw in our study), grass and dairy cattle products (mainly live cattle and milk), and manure, as well as losses through ammonia (NH3), nitrous oxide (N2O), denitrification, runoff, leaching, erosion, and the direct discharge of N from untreated manure into surface water. Within a smallholder dairy farm with croplands, there were internal nitrogen transfers, as part of the dairy cattle feeds were sourced from cropland and grassland, and dairy manure was used as an organic fertilizer source from the manure management sector (Figure 2).



Quantifying N flows and N losses

Amounts of N fixation and deposition were obtained by multiplying field acreage by the rates of these processes (Table 2 and Supplementary Table S9). Flows of N via synthetic fertilizers, cattle manure, seeds, irrigation water, crop residues, feeds, crop products, grass and cattle products, and livestock body weight gains were calculated by multiplying their amounts by their respective N content (Supplementary Tables S4–S9). Dairy cattle excretion of N was estimated by subtracting the amount contained in cattle products and body weight gains from intakes (Ma et al., 2010; Supplementary Table S4). Equations were used to quantify N use efficiency, and N losses are given in Table 2 and Supplementary Box S1. Parameters for N loss factors and N deposition rate were derived from literature data (Ma et al., 2010; Liu et al., 2013) and the NUFER-farm model (Zhao et al., 2017). The relevant data are given in Supplementary Tables S4–S9.



TABLE 2 Equations were used to quantify N use efficiency.
[image: Table2]

N budgets in farms were calculated using a “bottom-up” approach for different management levels of each farm. First, budgets were calculated for each field (cropland and grassland) and a dairy cattle herd, with the constraint that the total input was equal to the total output. These budgets were then aggregated to field or cattle production and further integrated into a whole-farm budget. Farm N balances were calculated as the difference between total input and output in main products and byproducts. The N losses from the dairy production system were estimated using the method of NUFER (Supplementary Box S1). Soil type, precipitation, and slope were considered in the EFs of N leaching, runoff, and erosion determination. The detailed information on emission factors can be seen in Ma et al. (2010). To accommodate various farm types and sizes, inputs and outputs of N were expressed in kg N per kg dairy cattle product N (N content of milk, meat, and sold cattle). NUE for different farm systems was defined as the proportion of the total N inputs as N outputs in the main products (Table 2). Figure 3 outlines the dairy farming system and main N flows at the farm level. Table 2 and Supplementary Box S1 illustrate the equations used to quantify N flows, calculate NUE, and determine N losses to the environment.
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FIGURE 3
 Nitrogen flows of four different dairy farming systems (kg N per kilogram of product N). (A) Traditional pastoral dairy farms, (B) smallholder dairy farms with croplands, (C) industrial landless farms, and (D) coupled dairy cattle and cropland intensive farms. The black arrows represent nitrogen inputs, the green arrows represent nitrogen cycling, the orange arrows represent the accumulation of nitrogen, the red arrows represent nitrogen losses, and the purple arrows represent nitrogen outputs. The box with the black broken line indicates the farm boundary. The thickness of each arrow is positively related to the size of the flow.




Statistical analysis

N use efficiencies at both the herd and whole-farm levels and N losses were compared among farm types by Tamhane’s T2 test (equal variances not assumed) in one-way ANOVA using SPSS 19.0 (SPSS Inc., Chicago, IL). Specifically, comparisons were made between all farm types in dairy production and the manure management chain. Differences were considered significant when P was <0.05.




Results


N flows of different dairy farming systems


Inputs of N

N inputs displayed a large variance across four different types of farms (Figure 3). First, the total external N inputs varied from 6.0 to 25.0 kg per kg of N in products (milk and meat). Second, N deposition in PF (which only had open grassy fields) and synthetic fertilizer in SF (which were mainly dominated by croplands) accounted for approximately 70% of their total N inputs on average. In contrast, more than 90% of the total N inputs came from purchased feeds for IDF and CDF. Finally, differences in planting structures resulted in a large variation of synthetic fertilizer inputs among SF. Therefore, the variation of the total N input within SF was larger than other farm types (Table 1).



Outputs of N

N losses were the largest proportion of N outputs for all the farm types, which accounted for an average of 46% ~ 76% of the total N outputs. Moreover, grass and cattle products contributed almost equally to the output of N as products in PF, while crop products were the dominant N output in SF, accounting for 71% of total N output on average. Furthermore, manure N output to surrounding croplands was twice more than cattle products N in IDF and CDF. Additionally, approximately 64% of available manure N was exported outside of the farm in CDF (Figure 3 and Supplementary Table S2).



Recycle of N

The substantial differences in N recycling among PF, SF, and CDF, which was mainly due to the much higher livestock densities in CDF than those in PF and SF (Figure 3, Table 1, and Supplementary Table S2). We observed that all the available livestock manure N was recycled in PF and SF, while only 36% of available livestock manure N was recycled in CDF. For the grass and crop products, the recycle ratio was 93, 51, and 100%, with the contributions to the total feed N consumption averaging 83, 72, and 16% for PF, SF, and CDF, respectively. These results showed that the livestock densities in PF and SF were generally low but very high in CDF.




NUE of different dairy farm types

The NUE was estimated at the herd and farm levels. At the herd level, the mean values of NUE in PF, SF, IDF, and CDF were 6, 8, 17, and 15%, respectively (Figure 4). This demonstrated that the dairy production in farms with intensive breeding systems (IDF and CDF) was significantly (p < 0.05) more efficient than those in the small-scale traditional farms (PF and SF). Moreover, the differences in NUE between IDF and CDF were not significant, but significant differences were found between PF and SF. Furthermore, the variations of NUE between IDF and CDF were larger than those between PF and SF. The differences in dairy productivity partly contributed to the variations of NUE at the herd level (Supplementary Figure S5 and Table 1).
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FIGURE 4
 The distribution of N use efficiency in different types of farms at herd level (left) and farm level (right). PF, traditional pastoral dairy farms; SF, Smallholder dairy farms with croplands; IDF, industrial landless farms; CDF, coupled dairy cattle and cropland intensive farms; a–d indicate the significant differences between farm types at 0.05 level.


At the farm level, the average NUE was the highest with large variations for SF (mean value: 35%), which was highly positively related to the percentage of on-farm cropland areas (Supplementary Figure S7). The large amount of crop products exported with low on-farm livestock densities partially contributed to the high NUE at the farm level for SF. The mean NUE at the farm level in PF, CDF, and SF showed lower levels (20, 17, and 17%, respectively) (Figure 4). No significant differences between them. NUE of traditional pastoral area farms (PF) was highly negatively related to the amount of on-farm N deposition (Supplementary Figure S6). Large variations in NUE at the farm level were also found among CDF and PF, which were mainly attributed to the discrepancies in on-farm livestock densities and dairy productivity.



N losses in different farms

Averagely, SF displayed the highest N losses per unit of N output as the product (Figure 5A), while the lowest N losses occurred on IDF and CDF. The largest loss of N occurred in the form of ammonia volatilization, which accounted for 68, 73, 70, and 71% of the total N loss for PF, SF, IDF, and CDF, respectively. Cattle manure NH3 volatilization was the dominant source of NH3 emissions for PF, IDF, and CDF (Figure 5A), while chemical fertilizer and manure application in croplands, as well as dropped cattle manure N during grazing, contributed most of the NH3 emissions in SF. Poor manure management was the main reason (Supplementary Table S3). De-nitrification was the second-largest source of N loss, representing 22, 12, 19, and 20% of the total N loss for PF, SF, IDF, and CDF, respectively. The N losses via N2O emission, N runoff and leaching, and direct discharge were relatively small.
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FIGURE 5
 Average N surpluses and their fates for all farm types. (A) NH3_manure, Denitrification_manure, and N2O_manure represent ammonia emission, denitrification N, and nitrous oxide emissions in feedlots, respectively, including N losses in housing, storage, and manure treatment stages. NH3_soil, Denitrification_ soil, and N2O_ soil represent ammonia emission, denitrification N, and N2O emission in the field, which include dropped manure N losses during grazing dairy cattle, chemical and manure fertilizer N losses after applied in cropland; (B) Average N losses and their fates in manure management sector for all farm types; PF, traditional pastoral dairy farms; SF, smallholder dairy farms with croplands; IDF, industrial landless farms; CDF, coupled dairy cattle and cropland intensive farms; a-d indicate the significant differences between farm types at 0.05 level.


Manure management-related N losses accounted for 90, 49, 100, and 89% of total N losses in PF, SF, IDF, and CDF, respectively (Figure 5). Compared to traditional pastoral dairy farms and smallholder dairy farms with poor manure management practices, intensive farms exhibited lower N losses from the manure management chain (Figure 5B, Supplementary Table S3). N losses during cattle housing, storage sector, and treatment process accounted for 36–45%, 26–33%, and 24–30% of total N losses, respectively.




Discussion


NUE of different dairy farm types

The herd-level NUE (17 and 15% on average) of IDF and CDF in Inner Mongolia were much higher than the estimations (11%) by Bai et al. (2013) for the entire China. This dissimilarity is partially attributed to advancements in dairy production efficiency over the past decade, and the aspect that we did farm surveys and examined 43 farms (34 intensive and 9 coupled dairy cattle and cropland farms), while Bai et al. (2013) modeled a typical dairy farm for entire China. Our herd-level NUE of IDF and CDF were similar to that of intensive dairy farms in the North China Plain as estimated by Tan et al. (2022). Milk productivity and feed consumption in our study were all higher than those found by Tan et al. (2022). However, our herd-level NUE were lower than the level of NUE of the United States of America (18–33%) (Powell et al., 2006), European Union (19%) (Oenema et al., 2011), and much lower than the efficiencies of the Netherlands (23–26% in 2015) (Oenema and Oenema, 2021), which means that there is still improvement potential of dairy production in Inner Mongolia. The lower NUE in PF and SF were explained by high feed consumption and lower milk yield per head (Table 1 and Supplementary Figure S5), which agreed with Gourley et al. (2012), who also reported low conversion of N into milk and meat. Additionally, short lactation periods were also related to the low NUE at the herd level in PF and SF (Table 1). Compared to PF, SF had a higher NUE at the herd level, which might be explained by a higher rate of live cattle sales (Table 1).

Farm-level NUE was defined as the ratio of total N products (via sold alive cattle and milk, crop products, output crop residues, and grass) divided by the input of N. The average NUE in PF was much lower than grassland-based dairy farms in the Netherlands (37–45%) (Oenema and Oenema, 2022) and also lower than the mean of grassland-based dairy farms in Ireland (25%) and also lower than similar dairy production system in Germany (25–61%) (Mihailescu et al., 2015; Löw et al., 2020), which might attribute to the higher grass yield, management level, and nutrient utilization in EU (Oenema and Oenema, 2021; Powell et al., 2007). The livestock density played a significant role in determining the farm-level nutrient use efficiency (NUE) in SF and CDF. In SF, where on-farm livestock density was relatively low, we observed a notably positive correlation between farm-level NUE and on-farm cropland proportions (Supplementary Figure S7). Conversely, there was a significant negative relationship in CDF between farm-level NUE and herd-level NUE (Supplementary Figure S8). Purchased feeds mainly contributed to the variations of N inputs for IDF and CDF. The wide adoption of improved technologies and management might be the main reason for the minor variations among IDF and CDF. Akert et al. (2020) observed an increase in farm NUE for commercial dairy farms from full grazing to part-time grazing with substantial concentrate feed input. Similar to the present study, the farm NUE decreased as the use of concentrates increased. This suggests that differing livestock management strategies can influence NUE outcomes within different farming contexts. In particular, pasture-based livestock production systems, as indicated by previous studies (Burchill et al., 2016), tend to exhibit low NUE levels (<30%), resulting in substantial surpluses that are susceptible to loss.



N losses of different system

Due to the low livestock density and high-yield croplands, 53% of total N losses in SF came from the high level of chemical fertilizer N and manure application, which was similar to the estimation for the crop-based dairy farms in the North China Plain (Zhao et al., 2017). The losses of N mainly occurred in the manure management chain for PF and CDF, which might be explained by the natural grassland (no fertilization) and very high livestock density (limited cropland), respectively. Mean N losses in IDF and CDF (3.23 kg and 4.12 kg N per product N) were higher than in the western USA (2.8 kg N per kg animal product) (Spears et al., 2003).

A formal prohibition on manure discharge into surface waters has been in effect since 2014, so there was very small manure discharge in all the interviewed farms. Ammonia volatilization was the largest pathway of N losses for all farms, which has consistently been recognized as the key air pollutant contributing to the acidification of ecosystems, increased oceanic N deposition contributing to eutrophication (Smith and Schindler, 2009; Xu et al., 2016; Liu et al., 2023). Almost all the interviewed farms stored the manure without cover, and manure treatment was mainly composting or storing in oxidation ponds, resulting in high NH3 emissions. Therefore, advanced manure treatment methods must be employed in the future.

Industrialization of agriculture has often led to a separation of crop and livestock sub-systems, thus recoupling is seen as a crucial step toward sustainable agricultural management (Ramankutty et al., 2018). Integrating silage maize-dairy farming systems is the most practical way to increase NUE and mitigate N losses for intensive dairy farms in China (Huang et al., 2021). Scenario analysis indicates that changing the intensive farm’s current open oxidation ponds and open yard manure storage to covered basin storage, combined with solid–liquid separation, would increase NUE by 12% at the farm level and decrease N losses (Tan et al., 2022). Coupling dairy cattle feedlots with constructed wetlands could reduce greenhouse gas (carbon dioxide, methane, and nitrous oxide) emissions by 24%, ammonia emissions by 14%, and N discharge into the water by 29%, compared to the semi-coupled systems (Fan et al., 2018). Therefore, the government promotes collaboration between livestock and crop production to utilize livestock manure. In this study, 100% of SF and 89% of CDF integrated dairy breeding with crop cultivation on farms, demonstrating a strong trend toward sustainable agricultural practices and resource optimization in these regions. Dairy production was inefficient in SF, but highly efficient in CDF, while only 36% of available livestock manure N was recycled on farms in CDF.



Model uncertainties

The NUFER-farm model is a whole-farm model used to describe the nutrient utilization efficiency and flows within typical dairy farming systems, including nutrient movements within the farm. It reveals existing issues in nutrient management, such as high NUE in intensive farming and imbalances in crop and livestock integration within farms. It emphasizes the need for better integration of cropping and livestock systems at the regional level.

However, it should be noted that there was some uncertainty in the NUFER-farm model. For example, our estimation of N flows and N emission factors were based on interviews of farmers, literature, and field monitoring in Inner Mongolia, such as the NH3 and N2O emission factors of maize, which will lead to uncertainty in the calculated N loss to the air. Future research on the NUFER-farm model should prioritize refining emission factors through localized field studies, implementing long-term monitoring to capture seasonal and annual variations in nitrogen dynamics, and integrating remote sensing with modeling to improve spatial representation. Additionally, gathering detailed data on farmers’ practices and behaviors will help refine model assumptions, while validation against independent datasets and sensitivity analyses will pinpoint critical parameters affecting nitrogen loss calculations. Evaluating the effectiveness of agricultural policies and management interventions will further enhance the model’s utility in promoting sustainable farming practices and environmental management in the region.



Options for improving N management and decreasing N losses

Looking to the future of Inner Mongolia’s dairy industry, the application or development of advanced technologies to mitigate N losses and the implementation of integrated crop–livestock approaches are critical steps toward achieving sustainable development. For grassland-based dairy farming systems (PF and some of SF in this study), managing grazing patterns and intensities to optimize grass utilization can reduce the N losses of deposition N and dropped manure N. Increasing dairy cattle production levels are also necessary pathways. Mitigating N losses from the cattle housing stage requires changes in floor type, manure collection technology, and frequency. In addition, it is necessary to educate farmers about best management practices for grazing systems, promote awareness of the environmental impacts of N losses, and provide guidance on sustainable practices. By combining these strategies and tailoring them to the specific characteristics of the grazing system, farmers can effectively reduce N losses and promote sustainable and environmentally friendly practices.

For other dairy farm types, it is necessary to call for manure storage with solid–liquid separation (Tan et al., 2022) and encourage large-scale dairy farms to apply advanced manure treatment technologies, such as manure acidification (Zhang et al., 2019) and continuous-closed composting technology combined with NH3 recovery technology (Wang et al., 2021), to reduce N losses. Dietary optimization with reduced crude protein input (Zhang et al., 2019), the most economical option, is also recommended. With the continual scaling of dairy production and the demand for delivering organic fertilizer, we argue that it is necessary to pay more attention to integrating crop and livestock farms to reduce manure N losses. The significant differences between dairy farms in the effectiveness of measures reflect that single-measure policies may not be effective. Instead, farm-specific technologies and measures will be needed, targeted to the specific characteristics and management level of the farms.




Conclusion

This study conducted an in-depth evaluation of nitrogen (N) dynamics within four distinct dairy farming systems in Inner Mongolia, assessing N flows, use efficiencies, and losses. The study identified substantial differences in N management practices among the four dairy farming systems, with traditional pastoral dairy farms (PF) and smallholder dairy farms with croplands (SF) primarily relying on N deposition and N fertilizers, respectively. In contrast, industrial landless farms (IDF) and coupled dairy cattle and cropland intensive farms (CDF) predominantly utilized purchased feeds, contributing to over 90% of their N inputs. While PF and SF recycled all available manure N on-farm, CDF recycled only 36% of their available manure N, indicating a significant gap in recycling efficiency. A substantial proportion of total N outputs, ranging from 46 to 76%, was emitted into the environment, with ammonia (NH3) emissions being the primary contributor. IDF and CDF exhibited significantly lower N losses, with values of 3.23 kg and 4.12 kg N per kg product N, respectively. Intensive farming systems (IDF and CDF) demonstrated higher herd-level N use efficiency (NUE), averaging 17 and 15%, respectively. At the farm level, SF showed the highest NUE (35%), and IDF and CDF were the lowest (both at 17%). We recommend the application of mitigation measures that consider the variability within and between dairy farming systems. It emphasizes the importance of considering the unique characteristics of natural grasslands in agricultural practices. The findings suggest that policy interventions should aim to optimize N management, promote best practices, and integrate crop–livestock systems to enhance N use efficiency and reduce environmental impact.
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Variable Traditional pastoral  Smallholder dairy farms  Industrial landless ~ Coupled dairy cattle

dairy farms (PF) with croplands (SF) farms (IDF) and cropland
intensive farms (CDF)

Number of farms 9 51 3 9

Herd size (LU)* 33 (6-117) 172-67) 2050 (120-9,500) 1977 (220-4,935)

Lactating cow (%) 32 (8-70) 39(3-51) 44 (20-61) 43 (39-44)

Dominant cow breeds Simmental, Simmental Simmental, Holstein Holstein
xlocal breed Simmental Friesian Friesian

xlocal breed

Farm agricultural area (ha) ¢ 203 (6.7-1,332) 27(0.27-140) - 235 (10-524)

Share of grassland (%) ¢ 100 49(0-99) - 0

Livestock density (LU ha™')* 0.46(0.02-2.25) 350(2.1-106) - 15 (3-93)

Average milk yield (t 1.5 (0.62-2.30) 067(0.24-1.12) 108 (6.95-11.6) 10.13(7.97-11.7)

head™' year™)

Percentage of household 14(20-62) 15(1-74) = =

consumption (%)

Lactation days (d)' 60(45-90) 90 (30-180) 305 305

Selling rate (%)¢ 12(1.6-38) 19 (12-47) 90/(05-26) 18(15-20)

Crop types - Maize, Green maize - Green maize, Oat

I LU=a cattle (600kg) (mean values with their ranges in parentheses).
“Percentage of actating cows in the cattle herd (mean values with their ranges in parentheses).

Farm-owned agricultural area (mean value with their ranges in parentheses).

“Percentage of natural grassland area (mean values with their ranges in parentheses).

LU ha™! =cattle number/agricultural area (mean values with their ranges in parentheses).

“Total milking days for PF and SE lactating days for IDF and CDF (mean values with their ranges in parentheses).

“ Alive cattle selling rate for PF and SE, culling rate (also sold out) for IDF and CDF (mean values with their ranges in parentheses).
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Tipusion =NRuposion X Area

Tition = NRjission X Area

Notation

NUE,s N use eficiency at herd level
Ohtnsnpots | Output of N from a dairy cattle herd

O et Output of N from the whole farm

[ Output of N via milk

O Output of N via meat

[ Output of N'via sold live cattle:

Ot pascs | Output of N from cropland and grassland including maize grain,

‘maize straw, whole corn silage, oat, and grass

Opueposus | Output of N via dairy cattle manure

- Input of N to dairy cattle herd

Lo Input of N to whole farm

[y Input of N via feeds, such as commercial concentrated feed, hay,
crop byproducts

Fant ot Input of N via feeds from farm-owed cropland and grassland, such

as maize, straw, grass

T pwscs | Input of cattle N via purchased

Lot Input of N via seeds

1 ot Input of N via biological fixation

Ligwston Input of N via deposition

Lbemicatfrticer Input of N via synthetic fertilizers including single N and
compound fertlizer

b Input of N via irrigation

T Input of N via crop residues

NRipson ‘The atmospheric N deposition rate

NRpaton ‘The biological N fixation rate

Area ‘The agricultural land area for planting crops o grassland area (ha)

Unit kgN/halyear for cropland and grassland; kg N/LU/year for dairy
aatlle

*References: Ma et al. (2010), Liu etal. (2013), Gu etal. (2013), Bai et al. (2016), and Zhao
etal. (2017).
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